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We report an investigation of the strain field in mesa structures for oxide-confined vertical-cavity surface-emitting lasers
(VCSELs) using polarization-resolved micro-photoluminescence (u-PL) measurement of the degree of polarization
(DOP) at room temperature. The DOP of the PL is correlated to the spatial distribution of the embedded anisotropic
strain in a VCSEL structure. Measurements normal to (100) surfaces of the samples and from (110) cross section
planes were performed. The effect of two processes required in the fabrication of GaAs based VCSELSs were studied:
the plasma etching of the P-doped distributed Bragg reflector (DBR); and, the wet oxidation process used to control
current flow and lateral optical confinement. The DOP method allows very sensitive measurements of the mechanical
strain (in the order of 107°) accumulated in VCSEL devices even during different steps of the fabrication process.

Remarkable advances in vertical-cavity surface-emitting
lasers (VCSELs) have enabled them to support a steadily
growing number of applications including high-speed optical
interconnects in data centers!. In this context, the reliability
and performance requirements for these laser diodes are very
stringent and have to be taken into account in the epitaxial
design, processing, geometry of the laser diode, and operat-
ing parameters. Today, both electrical and optical confine-
ment are obtained by selective wet oxidation of Al,Ga;_,As
layers within the VCSEL’s vertical structure”3. Except for
the multi-quantum wells (MQWs), the oxidized layers con-
stitute the main source of concentrated internal mechanical
stress in the VCSEL. The induced deformations are critical
since they are located close to the active region®> and their
originating dislocations that extend to the active region are
identified as major degradation mechanisms®. Much work has
been done with various strain evaluation techniques for buried
oxide structures’~!! but analyses were performed on dedicated
samples and not on epitaxial growth-complete VCSEL struc-
tures.

Measurements of the degree of polarization (DOP) of the
micro-photoluminescence (u-PL) have been made on epitax-
ial growth-complete VCSEL structures. These DOP analyses
have demonstrated that this technique is effective for strain
mapping in VCSELs. These first measurements provided a
method which allowed to evaluate with high sensitivity the
main components of strain induced by the related critical steps
of the VCSEL structure fabrication process. This technique
was used to measure the strain field caused by the plasma
etching and oxidation in GaAs based VCSEL structures and
these findings are reported here.

The samples for this study are 850 nm VCSEL structures
grown by metalorganic vapor phase epitaxy on (100) 2° off
toward <110> GaAs substrates. The Si-doped lower 30-pair
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distributed Bragg reflector (DBR) and the C-doped upper
16-pair DBR are both made of Aly 12Gao gsAs/Alp9Gag 1As
pairs.  The active region is undoped and consists of
Ing 08 Gap.92As/Aly.4Gap sAs MQWs to obtain emission at 850
nm. On top of the active area, two Al 9sGag g2As thin layers
(30 nm) are devoted to the oxidation process to ensure electri-
cal and optical confinement. Following the epitaxial growth,
the samples were etched by SiCly/He inductively coupled
plasma reactive ion etching in order to form circular or rect-
angular shaped mesas and expose the Aly 9gGag 2As layers to
the oxidizing species of the next step in fabrication of func-
tioning VCSELs. For the circular geometry the diameters
were 25 pm and for rectangular geometry the dimensions were
50 um x 1000 um. The lateral extension of the Aly 9sGag nAs
oxidation was controlled by in-situ optical monitoring to reach
9 um depth. DOP-PL characterization was performed at room
temperature using a 635-nm laser for excitation. The excita-
tion spot size was about 2 um and the estimated power density
with the use of a 20x magnification objective was close to 1
kW/cm2. Theory and technical details on this technique can
be found in'?"13,

The DOP signal measured along direction y can be written
as:

Li—L;

DOP, = Lo+ L = —Ce X (& — &) (D

where x and z denote the two directions perpendicular to y, and
therefore belong to the plane of the surface being measured.
L, and L, are the components of the spectrally integrated PL.
with polarization along these two directions. & and &, are
the normal crystal deformations. Cg is a positive calibration
constant which can be determined experimentally. For GaAs,
the value is known and demonstrated that the sensitivity of
the DOP is extremely high with measured deformations in the
order of 107> 13, For Al 1oGag ggAs, an approximation was
made to use the DOP calibration constant of GaAs since Cg
is expected it to scale linearly with the valence band deforma-
tion potentials. Based on literature, these values do not change
much (less than 3%) between GaAs and Aly12GagggAs'®.



However, DOP is sensitive to non-biaxial deformations per-
pendicular to the measurement direction, so one can mea-
sure only anisotropic strain inside the structure. Typically, for
GaAs, a DOP of 1% corresponds to an anisotropic strain value
of 2 x 10~* which corresponds to an anisotropic stress value
of 13 MPa if we consider the linear elastic regime.

First, DOP measurements from the (100) surface after
plasma etching definition of 25 pm circular mesas were per-
formed. Fig. 1 presents the top view PL and DOP intensity
maps from the P-DBR of 16 pairs of height and the exposed
N-DBR surface at the bottom of the mesa. In this configura-
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FIG. 1. Maps of the PL (a) and DOP (b) signal of the (100)-surface
of a 25-um diameter circular mesa VCSEL structure. Black circles
represent the mesa.

tion, the PL signal collected on top of the mesa is mainly com-
ing from the Aly 12Gag ggAs layers of the P-DBR'2. By sym-
metry, the presence of interfaces parallel to the (100) surface
does not impact the DOP. The DOP signal is very pronounced
at the edges of the mesa and decreases towards the mesa cen-
ter. In this case, as the pattern has rotational symmetry, we
do not probe anisotropic deformation at the center of the cir-
cular mesa. Also, the induced deformation field in the areas
beyond the foot of the etched mesa is detectable even if the
signal is noisy. Due to the circular geometry, we can assume
that the deformations are essentially caused by the radial dis-
placements at any point. From this assumption, we consider a
polar coordinate system with the azimuthal component of the
displacement field ugy equal to zero. On the other hand, due to
symmetry reasons, the radial component of displacement u,
is a function of only the radius of the considered point. With

these assumptions, we have a single scalar function (u,) de-
pending on only one radius (r). Thus, the formula linking the
DOP with the strain tensor components in the cartesian co-
ordinate system can be redefined as a function of the strain
tensor components in a cylindrical coordinate system:

DOP = —Ce X (& — £) = —Ce % c05(20) x (€, — £g0) (2)

where &, and £gg are the normal components of the strain ten-
sor along the radial direction r and the tangential direction 6
respectively and equal to: &, = ‘%’; €99 = “*. Fig. 2 shows
the DOP map obtained by dividing each experimental value
of DOP by cos(20). These results clearly confirm the radial
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FIG. 2. Map of the DOP signal divided by cos(20) of the (100)-
surface of a 25-um diameter circular mesa VCSEL structure. Black
circle represent the mesa. The lines are mathematical artefacts rep-
resenting the indeterminate areas where the cosine function equals
Zero.

distribution of the deformation induced by the etching of the
circular mesa. Also, for a VCSEL structure, the P-DBR layers
are slightly strained in the growth plane (e.g., if we consider
the lattice mismatch between Aly 12Gap ggAs and GaAs sub-
strate). Etching the material modifies this initial strain state to
the same isotropic symmetry as the symmetry of the mesa.
Then, measurements perpendicular to the (110) facet of a
rectangular VCSEL mesa cleaved along the direction trans-
verse to the long segment were performed. Fig. 3 shows the
PL and DOP maps measured at the (110) plane cross section
of a 50 um wide rectangular mesa. Based on the PL and DOP
signals, one can easily distinguish the different areas of the
VCSEL structure. The very low DOP values near the top of
the mesa (less than 2 %) are physical artefacts owing likely to
the collection, from near the edge of the sample, of light that
has undergone polarization-dependent internal reflections. In-
side the structure, the measured DOP values are very high,
reaching several tens of percent especially near the active area.
It is known that in this configuration, as the structure is com-
posed of thin layers, the polarization of the PL will be affected
by confinement of carriers from the thin luminescent layers
(Alo,]zGao_ggAS in the P- and N-DBR and In(),ogGao_ngS QWS
within the active zone). These layers have then an intrinsic
DOP with external strain adding to this intrinsic DOP. As a
consequence, mainly the degree of polarization intrinsic to the
confinement of carriers in the luminescent layers is visible in
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FIG. 3. Maps of the PL (a) and DOP (b) signals of the cleaved (110)
facet of the 50 um wide rectangular mesa VCSEL structure. The
black arrows indicate the high stressed regions near the mesa foot.
(c) Represents the DOP cross-section profile along A-B within the
P-DBR as indicated in (b).

the false colour image. Indeed, quantum confinement affects
the distribution of electrons which leads to the creation of this
degree of intrinsic polarization'” and explains the important
values near the active region.

High values of DOP, indicated by the arrows in Fig. 3 (b),
can be observed and associated to an increase of the PL inten-
sity at the foot of the mesa, reflecting the presence of strong
concentrated stress that also propagates deep into the bottom
N-DBR. Near the etched mesa walls, a variation of the DOP is
present which decreases towards the center of the mesa. This
behaviour is illustrated by Fig. 3 (c) representing the cross-
section profile of DOP from point A to B as indicated in Fig.
3 (b). This change of the DOP signal corresponds to the re-
laxation of the internal strain in the mesa and therefore is in
agreement to the observations of the (100) surface. This qual-
itative study from the cross-section confirms the effects ob-
served within the mesa measured from the surface after etch-
ing: dry etching modifies the initial strain distribution in the
VCSEL layers.

Next, DOP measurements on circular 25 um diameter

mesas after oxidation were achieved. Fig. 4 presents the top
view PL and DOP maps for the mesa. From the PL map, Fig.
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FIG. 4. Maps of the PL signal (a) and DOP (b) signal of the (100) sur-
face of 25-um circular mesa VCSEL structure after oxidation. Black
circles represent the mesa.

4 (a), the oxidized and unoxidized areas can easily be dis-
tinguished and the oxidation anisotropy effect of the square-
shaped aperture at the mesa center is observed. From the DOP
map in Fig. 4 (b), we note the same radial distribution of the
strain measured before oxidation at the mesa edges. Addi-
tionally, high positive and negative DOP values are observed
just inside the mesa close to the edges. The accumulated
strain present in these regions is a signature of all the oxi-
dized Aly.9Gap.1As layers in the P-DBR with an oxide depth
of about 1.5 um. Furthermore, close to the center of the mesa,
we observe an increased localized DOP signal from buried
AlyogGagmAs oxidized layers fronts and the corners of the
square-shaped aperture. These variations are induced by the
lower volume density of these buried oxidized layers'®. The
distribution of the strain is therefore no longer isotropic in this
case. Based on this observation, we can assume that the shape
of the non-oxidized aperture has an influence on the strain dis-
tribution in the structure.

Fig. 5 shows the PL and DOP maps measured from the
(110) surface of a 50 um wide rectangular mesa after oxi-
dation. The PL signal increases obviously in a certain inner
area close to the mesa side wall, at this depth, the only dif-
ference to the center of the structure is the presence of the
oxide. It is clear that the intensity of the PL from the lumines-
cent Alp.12Gagp ggAs layers and the MQW:s is influenced by the



®

N » o
PL Intensity (kcounts)

o

1OD
5
0
20
C)
~~ 15'
S
S 10
)
5_
A B

0 10 20 30 40 50 60
Position (pum)
FIG. 5. Maps of the PL (a) and DOP (b) signals from the (110) sur-
face of the 50 um rectangular mesa VCSEL structure. The solid black
arrows indicate the horizontal position of the buried Aly 93 Gag g2As
oxidized layers fronts. The dot black arrows indicate the horizontal
position of the Aly 9Gag 1As P-DBR oxidized layers fronts. (c) Rep-

resents the DOP cross-section profile along A-B within the P-DBR
as indicated in (b).

presence of the oxidized layers. From the DOP map, one can
see some additional variation near the side walls of the mesa
in the P-DBR. This DOP signal variation is correlated to the
strain generated by the oxidation of the P-DBR Aly9Gagp 1As
layers and verifies the effect observed from the (100)-surface.
Moreover, in the region of the buried Al 93Gag g2As oxidized
layers and close to the MQWs, we can clearly see some DOP
variation related to the strain induced by the oxidation. As a
consequence, we observe the associated strain field emerging
from the oxidation fronts and propagating along both P and
N-DBR. This effect is better illustrated in Fig. 5 (c) which
represents the cross-section DOP profile along the mesa (sec-
tion along AB) in the P-DBR, showing two peaks which cor-
respond to the oxidation fronts from both sides. This obser-
vation confirms the fact that we were able to probe the in-
duced effect of the mechanical strain concentrated at the level
of the buried oxidized layers far from the (100) surface (about
2 um below the surface). This qualitative study from the cross-

section supports the observations made from the surface af-
ter oxidation: the oxidation process creates strain at the mesa
edges and at the oxidation fronts deep inside the mesa. The
magnitudes of these strains are technologically important and
are easily characterized by measurement of the DOP of PL
from either the (100) growth surface or a (110) cleaved facet.

Using the polarization-resolved p-PL technique on a VC-
SEL structure after plasma etching and after oxidation al-
lowed us to map with high sensitivity the strain induced by
key processing steps. By coupling the DOP non-destructive
measurements of the (100) surface with measurements of the
(110) facet, we are able to obtain an overall and precise mea-
surement of the strain spatial distribution within an oxidized
VCSEL structure.

We could see with this technique that each step induces
mechanical strain in different areas of the VCSEL structure.
The plasma etching of the P-DBR removes material which
requires the strain within the mesa to relax at the free sur-
face. The wet thermal oxidation step induces two different
effects. The first one is the large strain accumulated at the
edges of the mesa caused by the oxidation of the Aly9Gag. 1As
layers present in the P-DBR. The second one is the strain
generated by the buried oxidized layers. The associated de-
formation field emerges from the oxidation front and prop-
agates throughout the VCSEL structure. Anisotropic strain
values up to 1.2x 1073 corresponding to an anisotropic stress
value of 80 MPa were measured near the oxidation fronts of
the Aly.9gGagp pAs buried oxidized layers. For reliability con-
cerns, this can be critical for the device since it is located
close to the core of the laser. More generally, strain variations
were measured from the surface, 2 um away of the root cause
demonstrating that the DOP technique can be used for in-situ
mechanical strain monitoring during fabrication of semicon-
ductor lasers devices.

DATA AVAILABILITY

The data that support the findings of this study are available
from the corresponding author upon reasonable request.
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